Relationships between ambient levels of selected air pollutants and pediatric asthma exacerbation in Atlanta were studied retrospectively. As a part of this study, temporal and spatial distributions of ambient ozone concentrations in the 20-county Atlanta metropolitan area during the summers of 1993, 1994, and 1995 were assessed. A universal kriging procedure was used for spatial interpolation of aerometric monitoring station data. In this paper, the temporal and spatial distributions of ozone are described, and regulatory and epidemiologic implications are discussed. For the study period, the Atlanta ozone nonattainment area based on the 1-h, exceedance-based standard of 0.12 ppm is estimated to expand-from 56% of the Atlanta MSA by area and 71% by population to 88% by area and 96% by population-under the new 8-h, concentration-based standard of 0.08 ppm. Regarding asthma exacerbation, a 4% increase in pediatric asthma rate per 20-ppb increase in ambient ozone concentration was observed (p-value = 0.001), with ambient ozone level representing a general indicator of air quality due to its correlations with other pollutants. The use of spatial ozone estimates in the epidemiologic analysis demonstrates the need for control of demographic covariates in spatiotemporal assessments of associations of ambient air pollutant concentrations with health outcome.
INTRODUCTION
A substantial body of evidence has accumulated from studies of emergency room visits for respiratory causes supporting the hypothesis that urban air pollutants can exacerbate asthma symptoms. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Findings of these and other studies have been cited in support of the revisions to the National Ambient Air Quality Standards (NAAQS) for ozone and particulate matter. In one study, White et al. 8 examined the relationship between emergency room visits to a hospital in downtown Atlanta for childhood asthma and ambient ozone levels during the summer of 1990. The average number of visits for asthma or reactive airway disease at this emergency room, serving a predominantly poor, African-American population, was found to be 37% higher on days after the maximum ozone level exceeded 110 ppb. Thurston et al. 3 reported results that suggest the association of air pollution with asthma might be stronger in a low socioeconomic status population.
Quantitative assessments of relationships between ambient levels of air pollutants, such as ozone, and health outcomes, such as asthma exacerbation, are needed to help establish protective levels for the NAAQS. But quantitative assessment is complicated by such factors as effects of covariates like race and socioeconomic status, high correlations between ambient levels of various air pollutants, and spatial variation in ambient pollutant levels monitored at a limited number of sites. In the Atlanta ozoneasthma study cited above, spatial variation in ambient ozone concentration was not considered. The geostatistical technique known as kriging 15 has been used to interpolate near-surface ozone levels between irregularly spaced point measurements in a number of recent analyses for estimating agricultural exposure, 16, 17 mountainous area distribution, 18 and hourly ozone visualization. 19 While other interpolation methods have also been used for analysis of ground-level ozone, 20, 21 kriging has the advantage of providing a mean-squared prediction of error, or variance, which quantifies the degree of uncertainty in the spatial predictions.
We have conducted a study in Atlanta to develop additional evidence regarding relationships between ambient levels of selected air pollutants, particularly ozone, and asthma exacerbation, as reflected in pediatric emergency room visits. Our retrospective, records-based study is similar to one performed by White et al., but with more years of data, a larger number of emergency care centers with a wider range of socioeconomic status, and more refined estimates of representative ambient ozone levels as well as other air quality indices. Temporal and spatial distributions of asthma cases in the 20-county Atlanta metropolitan statistical area (MSA) during the summers of 1993, 1994, and 1995 are analyzed relative to ambient levels of ozone, particulate matter (PM 10 ), sulfur dioxide, oxides of nitrogen (NO x ), pollen, mold, and various meteorological data, including temperature and humidity. The June 1 through August 31 period being studied includes the high ozone season and excludes the high pollen and mold seasons. This period excludes most of the school season as well.
Detailed results of the epidemiologic analyses are being published elsewhere. 22, 23 In this paper, the temporal and spatial distributions of ozone in Atlanta during the study period are described. Then we use the spatial estimates of ozone to (1) evaluate the regulatory impact of the recently promulgated revision to the ozone standard on the Atlanta metropolitan area in terms of its effect on the ozone nonattainment area, and (2) assess the relationship between ambient ozone levels and pediatric asthma exacerbation in a spatiotemporal epidemiologic analysis.
OZONE DISTRIBUTIONS
Data and Spatial Interpolation Methods Air quality data were acquired for June 1 through August 31 of 1993, 1994, and 1995 from monitoring stations located within or at the border of the Atlanta 20-county MSA. The Atlanta MSA extends approximately 50 miles from the Atlanta center in all directions, and in 1993 contained 162 zip codes in full or in part. Data are available from six ozone monitoring stations located within the Atlanta MSA in all three years of the study period; these stations are, from west to east, Yorkville, Dallas, Sweetwater Creek State Park, Confederate Avenue in downtown Atlanta, S. Dekalb College, and Conyers Monastery. Data are also available from two stations located near the northern and southern borders of the Atlanta MSADawsonville and Griffin, respectively. Two additional ozone monitoring stations located within the study area, Tucker and Gwinnett Tech, became operational in 1995. The locations of these 10 ozone monitoring stations are shown in Figure 1 . Hourly values of ozone, as well as other air quality data at a limited number of stations located near the center of the study area, were obtained from the following data systems: the Aerometric Information Retrieval System (AIRS), the Clean Air Status and Trends Network (CASTNet), the Georgia Department of Natural Resources, the Fulton County Health Department (FCHD), the National Climatic Data Center, the U.S. Geological Survey, Southeastern Consortium for Intensive Oxidant and Nitrogen measurements (SCION), and the Atlanta Allergy Clinic (AAC).
Spatial resolution of the ozone data was carried out by a universal kriging method using the Geographic Information System (GIS) ARC/Info ® . In kriging, a smooth surface is estimated from irregularly spaced data points based on the assumption that the spatial variation in the feature (ozone) is homogeneous over the domain and depends only on the distance between sites. The universal kriging procedure, unlike ordinary kriging, incorporates a drift function to account for a structural component in the spatial variation. A linear drift function was selected in this study because this method resulted in lower kriging variances in ozone estimates than did a quadratic drift function. A 3 km × 3 km grid was selected to minimize kriging variances as well.
In this study, ambient ozone levels for each zip code area within the Atlanta MSA were estimated because these values could be linked to the residences of emergency room patients obtained from billing records. Daily values of two ozone measures were calculated at each station: a maximum 1-h average and a maximum 8-h (consecutive) average. Values of each daily ozone metric were interpolated to a regular grid using the universal kriging procedure. During the study period, 96.5% of all possible station data were available. On days when data were not available from all of the stations, the kriging interpolations were performed with fewer data. No interpolations were performed with data from fewer than seven stations. Values were calculated at the centroid of each zip code by bilinear interpolation from the grid. Area averaging within a zip code was not necessary because of the small areas of the zip codes relative to the spatial variation in ozone concentration.
Temporal Patterns
In 1993 and 1995, ozone levels in the Atlanta MSA exceeded the 1-h 0.12 ppm standard on 14 and 16 days, respectively. In 1994, only four ozone exceedance days were experienced. Daily 1-h ozone maxima, spatially averaged over the Atlanta MSA and temporally averaged from June 1 through August 31, were 77, 58, and 72 ppb in 1993, 1994, and 1995, respectively; average daily 8-h maxima were approximately 10 ppb lower (Table 1 ). In each of the 1993 and 1995 summers, there were two ozone episodes with 1-h maxima of greater than 100 ppb for one week or more; in 1994, there were no such episodes. The summer of 1994 was cool and wet in Atlanta compared to the summers of 1993 and 1995.
Average diurnal variations of ozone at four different sites in the study area are shown in Figure 2 . Ozone levels peak between the hours of 1:00 and 6:00 pm. The average peak was highest at the downtown monitoring site (Confederate Ave.), which also had the lowest nightly minimum of 10 ppb. Average minimum ozone levels at sites near the MSA boundary in Yorkville, Griffin, and Dawsonville, on the other hand, were 30, 20, and 15 ppb, respectively. Regarding variation in ozone concentration by day of week, levels were lowest on Sunday and highest on Thursday.
Spearman rank correlation coefficients for daily 1-h ozone maxima averaged over the study area and various other air quality measures are given in Table 2 . As expected, the 1-h and 8-h ozone maxima are highly correlated (rvalue of +0.99). Daily ozone maxima exhibit a correlation over time, with r-values of +0.65, +0.40, and +0.31 for one-, two-, and three-day correlations. Regarding correlations with other air pollutants in the study, ozone is most strongly correlated with PM 10 . Strong positive correlations are also seen with temperature and NO x , and strong negative correlations are observed with wind speed and humidity. Therefore, when modeled without other air quality variables in the epidemiologic analyses to be described later in this paper, ozone should be viewed as a general indicator of air quality.
Spatial Distribution
Spatial results from the kriging analysis are shown in Figure 3 . The maps of 1-h and 8-h data are very similar due to the high correlation of these ozone metrics. On average, peak ozone concentrations occurred in downtown Atlanta (within the dashed roadway loop) and to the southeast. Lowest ozone levels were to the north. Analysis of the data by year shows that during the high ozone summer of 1993, maximum ozone concentrations occurred on average to the east, consistent with an average wind direction from west to east (Table 1) . During the high ozone summer of 1995, on the other hand, ozone peaks occurred on average in downtown Atlanta, consistent with a much lower net air mass movement that summer. The distribution of standard deviations of the kriging estimates demonstrates that the least reliable estimates are to the northwestern, southwestern, and eastern borders of the study area where no monitoring stations are located. Average standard deviations of the 1-h maximum ozone interpolations were 12 ppb in 1993, 11 ppb in 1994, and 9 ppb in 1995; for the 8-h maximum ozone interpolations, average standard deviations were 9, 8, and 7 ppb for 1993, 1994, and 1995, respectively. The lower standard deviations in 1995 are due to the presence of two additional monitoring stations that summer. The standard deviations in the kriging estimates for 1994 are lower than those for 1993 due to greater spatial uniformity of ozone concentrations during the low ozone summer of 1994. Use of ozone monitoring station data from rural sites located far outside the study area does not improve the precision of estimates at the Atlanta MSA.
Means and variances of daily 1-h and 8-h maximum ozone concentrations are given in Table 3 . Daily spatial means and variances were calculated from the zip code estimates (x i ) obtained from kriging as follows:
Here, w i are the weighting factors for 162 zip codes (w i = 1/ 162; i.e., unweighted), zip code areas A i (w i = A i /A total ), and zip code populations P i (w i = P i /P total ); x is the unweighted zip code average value. The spatial and temporal mean values of ozone concentration for each year differ by less than 3 ppb for the 1-h maximum and less than 2 ppb for the 8-h maximum. The area-weighted mean is lower than the population-weighted mean due to the fact that, on average, higher ozone concentrations occur near the center of the MSA, where zip code populations are large and zip code areas are small, than near the MSA boundary. The unweighted zip code mean is between the area-weighted and population-weighted values, which is expected since zip code areas vary with population density. The average daily spatial variation in ozone concentration, assessed on a zip code, area, and population basis, is much smaller than the temporal variation in ozone. The population-weighted spatial variance is about half that of the areaweighted spatial variance, which is about half that of the temporal variance of the spatial average for the June 1 through August 31 period. Again, the unweighted spatial variance by zip code is between the areaweighted and population-weighted values. Spatial variation in ozone concentration is greatest during high ozone periods. The average daily spatial variance in 1994 is smaller than the 1993 and 1995 values due to the low ozone concentrations in 1994. The period from July 7 through 23, 1995, is examined to assess the degree of ozone spatial variation during an ozone episode. This period includes a 13-day episode with peak 1-h ozone levels of greater than 100 ppb observed in and near downtown Atlanta (Confederate Ave., S. Dekalb College, and Tucker) as well as at monitoring sites to the southeast (Conyers), south (Griffin), west (Yorkville), and north (Dawsonville). The locations of ozone peaks are consistent with daily, spatially-averaged (five sites) wind velocity data (Table 4) . Ozone peaks occur in or near downtown when the magnitude of the wind vector is low (< 0.5 m/s); that is, when there is little net movement of air mass. Ozone peaks occur near the MSA border in the direction of wind when the magnitude of the average wind vector is large. For example, on July 20 there was a strong, steady wind from south to north (1.22 m/s at 203 degrees) and area peak ozone concentration occurred in Dawsonville. Estimated isopleths of peak 1-h ozone are shown in Figure 4 for several days during the episode. These maps represent the distribution of daily ozone peaks occurring at different times of the day, which tend to be more spatially uniform than ozone concentrations at a specified time during the afternoon.
In summary, the 1993-95 study period included summers of both low (1994) and high (1993 and 1995) ozone concentration, with the highest ozone peaks occurring both in downtown Atlanta (1995) and in suburban areas to the southeast (1993). The ozone distributions can be used to assess regulatory and epidemiologic implications via spatiotemporal analyses. Although the spatial variation of daily ozone maxima during the summer in the Atlanta MSA is, on average, less than the temporal variation of daily ozone maxima, particularly when the spatial distribution is assessed on a population basis (Table  3) , the spatial variation of daily ozone maxima can be significantly greater than the temporal variation of spatially-averaged daily ozone maxima over the course of an ozone episode lasting from several days to two weeks. For example, during the ozone episode of July 1995, described above, the standard deviation in spatiotemporal estimates of 1-h ozone maxima is almost 50% greater than the standard deviation in temporal values (Table 5 ). Since we expected that if an association of pediatric asthma emergency room (ER) visitation rates with ambient ozone levels exists it would be most significant during ozone episodes, the use of spatial analysis in the epidemiologic analysis was expected to enhance the assessment of association.
REGULATORY IMPLICATIONS
Under the 1-h, 0.12-ppm ambient air quality standard for ozone, an area is considered in nonattainment if four or more daily 1-h maxima over a three-year period are greater Direction: 0 deg. = north to south; 90 = east to west; 180 = south to north; 270 = west to east.
The estimates obtained by kriging can also be used to estimate the level of an 8-h, concentration-based standard that would be equivalent to the 1-h, exceedance-based 0.12-ppm standard. In this study, the 0.12-ppm 1-h standard is estimated to be equivalent to a 93(± 5)-ppb, 8-h standard (Figure 6 ), which is consistent with EPA's assertion that an 8-h, 0.09-ppm standard approximates the 1-h standard.
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EPIDEMIOLOGIC IMPLICATIONS
A primary motivation for conducting the spatial analysis of ozone data was to provide a better estimate of ambient ozone concentration and potentially improve the precision of the epidemiologic assessment of an ozone-asthma relationship. Relationships between ambient ozone levels and asthma exacerbation, as reflected in pediatric (ages 0 through 16) ER visits, were assessed using both time-series and case-control analyses. 22, 23 Selected results are presented here to demonstrate the effect of using spatial estimates of ozone obtained by kriging and to relate the epidemiologic findings to the recent revision of the ozone standard. Participation was obtained from medical facilities that handle approximately 80% of the pediatric emergency care visits in the Atlanta metropolitan area. A total of 128,969 pediatric visits occurred during the study period (June through August, 1993-95) at the participating facilities. Of these, 5,934 (4.6%) patients had asthma, as defined by medical diagnostic codes. Patient billing records were obtained, including information on demographic variables in addition to diagnostic codes. Demographic variables include race, gender, age, and Medicaid payment status as an indicator of socioeconomic status. In the case-control treatment of the data, logistic regression was used to compare asthma cases with ER patients with non-asthma diagnoses, with respect to variables of interest. In analyses using the spatial average of the daily ozone values, each patient was assigned the Atlanta-wide average ozone level for the day preceding the ER visit. In the analyses using the spatial than or equal to 125 ppb (due to rounding). Under the new 8-h, 0.08-ppm standard, an area will be in violation if the three-year average of the annual fourth highest daily 8-h maximum is 85 ppb or greater (again, due to rounding). The three-year (1993-95) study period allows for a comparison of these standards. The estimated spatial distribution of total number of days during the three-year study period with 1-h ozone peaks of 125 ppb or greater is shown in Figure 5a . Of the 162 zip codes in the Atlanta MSA, 113 are estimated to have had four or more exceedance days. In comparison, 152 of the 162 zip codes are estimated to have had three-year average values of annual fourth highest 8-h maxima of 85 ppb or more; the distribution of these estimated values is shown in Figure  5b . For comparison, an 8-h, 0.09-ppm standard is estimated to result in 87 zip codes having been in violation, and all 162 zip codes are estimated to have been in violation under an 8-h, 0.07-ppm standard. For the 1993-95 study period, the Atlanta ozone nonattainment area based on the 1-h, exceedance-based standard of 0.12 ppm is estimated to include 56% of the Atlanta MSA by area and 71% by population; under the new 8-h, concentrationbased ozone standard of 0.08 ppm, the area in violation expands to 88% of the Atlanta MSA by area and 96% by population. increment of 20 ppb is approximately equal to 1 standard deviation of the observed values over the June 1 through August 31 period. When the spatial ozone estimates were used instead of the spatial average of the monitoring station data, the odds ratio was 1.06. When adjustment for demographic variables is included, however, the calculated odds ratios for both the spatially-resolved and the spatially-averaged ozone variables are 1.04. Thus, there was confounding of the ozone-asthma relationship by the demographic covariates in the analysis using the spatial ozone estimates obtained by kriging.
For a variable to be a confounder it must be associated with both the exposure (i.e., the ozone metric) and the outcome (i.e., asthma). While the daily spatial averages would not be expected to be correlated with a variable such as race (since race is not generally time-varying), the spatial distribution of ozone might be related to the racial distribution. In this study, the percent AfricanAmerican population is much higher downtown than in the suburbs, which is where the elevated ozone levels tended to occur in 1995. The estimated odds ratios for the spatial ozone estimates obtained from kriging and spatially-averaged ozone concentrations are nearly identical after controlling for this confounding; the p-value and confidence interval of the assessment using the spatial ozone metric are slightly smaller.
This analysis demonstrates an important aspect of using spatial estimates of urban air pollutants in a study such as this. Confounding by race and socioeconomic status are extremely likely if spatially-resolved air pollutant data are used; therefore, it is critical to the validity of the study that demographic data be collected and controlled for in the analysis. If appropriate demographic ozone estimates, zip code of residence was used to link the patient to the ozone estimates for the day prior to presentation at the ER, thus incorporating both spatial and temporal information on the ozone variable.
Models using the spatially-averaged ozone variable yielded a statistically significant association of the ozone metric with asthma visits, indicating that the temporal variation in ozone alone was sufficient to exert a detectable effect on asthma ER visit rates. The results shown in Table 6 are consistent with the findings of a number of previous studies. 3, 8, [11] [12] [13] In a model that included temporal covariates (to remove long-term trends in exposure and asthma ER visit rates), the odds ratio was 1.04 per 20 ppb ozone, roughly interpretable as follows: an increase of 20 ppb in the ambient ozone level is associated with a 4% increase in the rate of ER visits for asthma. The ozone data are not available, spatial resolution of air quality parameters should not be incorporated into the study design because the loss of validity resulting from uncontrolled confounding is likely to outweigh the benefit of increased precision.
To address the issue of error introduced into the spatiotemporal analysis relative to the temporal analysis by uncertainty in the kriging predictions of ozone spatial variation, we performed two analyses. First, in restricting the study area in the analysis to regions of least uncertainty in estimated ozone concentration, we found that the epidemiologic results were unchanged. Second, a term for the kriging uncertainty was included in a Bayesian hierarchical model, and again the epidemiologic results were unchanged. 23 Thus, our results are robust to the uncertainty in the interpolation of ozone data.
To relate our epidemiologic findings to the ozone standard, we present odds ratios for various ozone levels in Table 7 . Odds ratios using 1-h values dichotomized at 120 ppb and using 8-h values dichotomized at 80 ppb are presented. Statistically significant, positive findings are obtained in both cases, but the odds ratio is smaller in the latter case, reflecting the fact that 8-h, 80-ppb value is lower. When multiple categories are studied, a generally increasing trend in odds ratios with increasing ambient ozone concentration is apparent. The confidence intervals accommodate a variety of curves, however; this study does not suggest a specific level that would protect against pediatric asthma.
An underlying assumption of this study, and of the setting of ambient air quality standards, is that ambient levels of pollutants are meaningfully related to personal exposures. As a retrospective study, this study was limited to information present in historic records. No information on factors that might affect personal exposures, such as air conditioning use and time spent outdoors during the relevant time periods, was available. Data on personal exposure to potential confounders, such as cigarette smoke, cockroaches, and indoor mold, were also unavailable. Furthermore, no information was available on whether or not the ER patient was in the zip code of residence during the day preceding presentation. The epidemiologic findings of this study should be viewed in the context of the entire literature on the subject, including results from prospective epidemiologic studies involving personal dosimetry and from laboratory studies.
CONCLUSIONS
The 1993-95 study period encompassed a wide range of air quality and meteorological conditions, including summers with both low (1994) and high (1993 and 1995) ozone concentration with highest peaks observed in both downtown Atlanta (1995) and suburban areas to the southeast (1993). On average, the temporal variation in daily maximum ozone concentrations was greater than the spatial variation estimated using a universal kriging method, particularly when assessed on a population basis. During episodes, however, spatial variation of ozone was substantial. For the 1993-95 study period, the Atlanta ozone nonattainment area based on the 1-h, exceedance-based standard of 0.12 ppm is estimated to include 56% of the Atlanta MSA by area and 71% by population; the area in violation under the new 8-h, concentration-based standard of 0.08 ppm is estimated to expand to 88% by area and 96% by population. Regarding pediatric asthma exacerbation, a positive ozone-asthma association is observed, with a 4% increase in ER presentation rate per 20-ppb increase in ambient ozone concentration. Due to colinearity of ambient ozone and other air pollutants, this result should be interpreted as an association of asthma with air quality in general. The use of spatial ozone data in the epidemiologic Table 6 . Ozone-asthma relationships for spatially-averaged and spatially-resolved (obtained by kriging) ozone concentration (max. 8-h value, lagged 1 day) from logistic models, adjusting for temporal and demographic covariates. analysis demonstrates the need for control of demographic covariates.
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